Ti/SnO 2 -Sb-Ni electrodes with various Ni-and Sb-doping levels have been prepared by dip-coating thermal pyrolysis procedure, and their simultaneous electrochemical ozone production (EOP) and oxygen evolution reaction (OER) were investigated. The effects of electrode composition on the nanostructure, morphology, electrochemical behavior, kinetic parameters, and lifetime of the electrodes were systematically studied using X-ray diffraction, scanning electron microscopy, cyclic voltammetry, linear sweep voltammetry, and chronopotentiometry. Dissolved ozone was produced in a quartz cell and its concentration was monitored by in situ UV spectrophotometry. The presence of small amounts of Ni (Ni : Sn atomic ratio of 0.2 : 100) gives valuable characteristics to the electrodes such as increasing EOP activity and service life. Higher Ni concentrations increase the electrode film resistance and decrease its capacitance, roughness factor, and service life, while increasing Sb level up to 12 atom% improves the electrode performance with respect to these parameters. Nevertheless, the Sb/Sn atomic ratio of more than 2% reduces the EOP current efficiency in favor of OER. The optimum composition of the electrode for EOP was determined to be Sb/Sn and Ni/Sn atomic ratios of 2% and 0.2%, respectively. The highest current efficiency was 48.3% in 0.1 M H 2 SO 4 solution at room temperature.
Introduction
Ozone (O 3 ), as an environmentally friendly reagent with high oxidizing power, has found a broad range of applications in various fields such as water and wastewater treatment, sterilization of surgical equipments, bleaching processes, cleaning of semiconductor materials, and chemical synthesis [1] [2] [3] [4] [5] .
There are two main methods for preparation of dissolved ozone: corona discharge followed by dissolving ozone into solution and electrolysis [6] . The latter method has the advantages of being a simple process which produces relatively high concentrations of ozone directly into solution without producing harmful nitrogen oxides and without need for a high voltage power source as compared to corona discharge.
The OER (1) is thermodynamically more favorable and severely competes with EOP (2) on the anode of an electrochemical ozone generator. 
Consequently, minimizing OER is a key requirement for EOP with a reasonable current efficiency. This can be achieved by suitable choice of the anode material to have a high overpotential for OER. In addition, the anode should have good conductance, high durability under drastic operating conditions, and particularly good electrocatalytic activity for ozone production [1] .
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Beta lead dioxide (β-PbO 2 ) [7] [8] [9] [10] [11] , Pt [12, 13] , Pt composites [14, 15] , boron-doped diamond [16] [17] [18] , dimensionally stable anodes [19, 20] , TiO 2 thin films on Si/TiO x /Pt substrate [21] , and SnO 2 -based catalysts [22, 23] are among the materials that have been used for EOP. Most of the investigations have been focused on β-PbO 2 which has shown a current efficiency of about 13% at room temperature [7] . Higher current efficiencies have been obtained in unusually concentrated acid solutions in the presence of fluoride or fluoride-containing species, applying very high current densities and cooling the anode-electrolyte interface to impractically low temperatures [7] . In addition, dissolution of poisonous Pb has limited the use of lead dioxide anodes. Recently, boron-doped diamond electrodes, due to their high conductivity, superior chemical, and dimensional stability as well as high overpotential for OER, have attracted much attention as novel anodes for EOP. A very high EOP current efficiency of 47% has been reported for a boron-doped diamond anode using a solid polymer electrolyte, the socalled "zero-gap" electrolytic cell [17] .
SnO 2 is an n-type semiconductor with a band gap of 3.6 eV which crystallizes in a rutile-type structure. Although this oxide is quite inert toward chemical etching with common acids or alkalis, its electrical resistivity is very high at room temperature and thus cannot be directly used as electrode material. However, its conductivity can be significantly enhanced by addition of an appropriate dopant such as In(III), Sb(V), or F − [24, 25] . Antimony-doped SnO 2 supported on titanium with high overpotential for OER has been widely used for the direct electrochemical conversion/combustion of organic pollutants in solution [26] [27] [28] [29] .
Wang et al. have reported Ni and Sb codoped SnO 2 on Ti foil as a promising electrode for EOP [23, 30] . They achieved a current efficiency of ∼35% for ozone production in acidic solution at low applied voltage at room temperature. Later, this group investigated the effectiveness of the Ni and Sb codoped SnO 2 electrode for EOP in a membrane electrode assembly cell with convective flow system [31] and for electrochemical degradation of organic pollutants using 4-chlorophenol as a model toxic compound [32] . Recently, Christensen et al. [22] following the synthetic route reported by Wang et al. [30] reported EOP current efficiencies as high as 50% in 0.5 M sulfuric acid at a cell voltage of 2.7 V on electrodes containing Ni : Sn atomic ratio of 0.6 : 100 instead of 0.2 : 100 used by Wang et al. In spite of successful operation of Ti/SnO 2 -Sb-Ni electrodes for ozone production, there is no information concerning the role of dopants on the electrochemical and morphological characteristics of these electrodes. The objective of the present work was to systematically investigate, for the first time, the effects of composition of the Ni and Sb codoped SnO 2 on the electrochemical behavior, kinetic parameters, morphology, nanostructure, and lifetime of the electrodes. Therefore, SnO 2 coatings with various Ni and Sb dopant levels were prepared by dip coating-thermal pyrolysis technique on titanium mesh substrates using the synthetic route reported by Wang et al. [30] . The correlation between electrode composition and its activity for simultaneous OER and EOP has been determined. 2 , ∼130) spot-welded with 5 mm diameter titanium wires was used as the support. The mesh was etched in boiling 10% (w/v) aqueous oxalic acid solution for 1 h, rinsed with distilled water in an ultrasonic bath and dried. The etching process was performed to remove the well-adhered surface oxide layers and to provide a rough surface onto which the electrocatalyst can be more securely anchored. After pretreatment, the titanium substrates were dip-coated with the solution of precursors at room temperature, dried at 100
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• C for 10 min, and then heat treated at 500
• C for another 10 min. This process was repeated 18 times until the desired oxide loading (2.5 mg cm −2 ) was achieved. Finally, the electrodes were annealed at 500
• C for 1 h, and the titanium wire surface was covered with an insulating rubber.
Physicochemical Characterization.
The surface morphology of the electrodes was characterized using a Philips XL30 scanning electron microscope (SEM). X-ray diffraction (XRD) analysis of the samples was performed with a Bruker D8 Advance powder diffractometer using Ni filtered Cu K α radiation (λ = 1.54056Å) to characterize the structure of the electrodes. Since there was a high level of noise in the XRD pattern of the titanium mesh, these spectra were recorded on electrodes prepared from titanium foil (Aldrich, Cat. No. 36948-9) using the same coating method and conditions. All electrochemical measurements were performed with an Autolab potentiostat/galvanostat (Eco Chemie Model PGSTAT30) electrochemical system, controlled by the GPES software. The electrochemical cell was a homemade threecompartment glass apparatus (200 mL) with two porous separators (coarse glass frits) to avoid contact between the anodic (oxygen and ozone) and cathodic (hydrogen) gaseous products. Two platinum foils (1 × 4 cm) were employed as the counter electrodes at the opposite sides of the anode to ensure uniformity of the current on both faces. An Ag/AgCl, KCl (saturated) was used as the reference electrode in conjunction with a Luggin capillary to minimize the uncompensated ohmic drop. Before each measurement, the solution was purged with nitrogen gas. All measurements 
Ozone Production and Measurement.
In order to investigate the ozone production efficiency of the electrodes, the electrolysis was performed at a constant current density of 12 mA cm −2 in a standard spectrophotometer quartz cell containing 3 mL of 0.1 M H 2 SO 4 solution at room temperature according to Wang et al. [30] . They have tested the accuracy of the in situ determination by UV spectroscopy, by indigo titration method. The ozone concentrations determined by the two methods were in agreement, indicating that the in situ UV determination was accurate and consistent. The working electrode was the modified titanium mesh anode placed flat at the bottom of the cell as shown in Figure 1 . A platinum foil and an Ag/AgCl wire were used as the counter and reference electrodes, respectively. The concentration of dissolved ozone was measured in situ by a UV spectrophotometer (Cary-500, Varian,) at 258 nm using the molar absorption coefficient, ε, of 2900 L mol −1 cm −1 [31] . The current efficiency of the EOP process (Φ EOP ) was calculated according to Faraday's law from the following equation [13] :
where n is the moles of electrons transferred for one mole of ozone production which is equal to 6 according to (2) , F is Faraday's constant, C is the concentration of produced ozone in the UV cell in mol L −1 , V is the volume of the electrolyzed solution in liter, I is the current used for electrolysis in A, and t is the electrolysis time in s. To have a consistent comparison, we calculated the current efficiency in the first 1 min of the constant current electrolysis experiment. Each calculated current efficiency was the average of 5 measurements. At potentials more positive than 1.65 V, the anodic current rises due to the solvent oxidation (OER and EOP). All of the prepared electrodes showed high anodic overpotential for OER, which makes them highly suitable for the oxidation of organic compounds in aqueous solutions [26] [27] [28] [29] 32] . The high cathodic current appeared at potentials less positive than 0.2 V, which is due to irreversible reduction of SnO 2 and hydrogen evolution reaction, which cause severe damage to the coated film, as reported previously [33, 34] .
Results and Discussion
Cyclic Voltammetry and Capacitance Measurements.
Capacitance measurements have been performed to determine the roughness factor (R f ) of different electrodes. current density and scan rate for all of the electrodes confirms the nonfaradaic character of the current in these potential regions [34] . The capacitance at each potential was obtained from the absolute value of the slope of the corresponding straight line. for n-type semiconductors [34, 35] . The R f -value, defined as real surface area per apparent geometric area, has been calculated according to a previously reported method [34, 36] . Figure 5 shows typical R f -values at 1.0 V obtained for Ti/SnO 2 -Sb-Ni electrodes prepared with different Sb and Ni contents. As can be seen, the R f -value increases by increasing Sb content of the electrodes, suggesting an increase of the surface area exposed to the solution. However, Ni has a reverse effect, that is, the capacitance and R f -values decrease by increasing the concentration of this element. The same behavior was observed for both elements at 0.35 and 1.35 V (not shown).
Ozone Generation.
The electrolysis was carried out at a constant current of 12 mA cm −2 in 0.1 M H 2 SO 4 solution on Ti/SnO 2 -Sb-Ni electrodes prepared with different Sb and Ni concentrations (Sb/Sn and Ni/Sn atomic ratios of 0.0-15% and 0.0-1%, resp.). The concentration of ozone was measured as described in Section 2.3, and the current efficiency was calculated using (3). Figure 6(a) shows plot of the current efficiency for ozone production (Φ EOP ) as a function of Sb concentration at a fixed Ni/Sn atomic ratio of 0.2%. The electrode with no Sb was inactive for EOP and showed very low stability. However, increasing the concentration of Sb results in a drastic change of the current efficiency that reaches ∼48% at Sb/Sn atomic ratio of 2%. Higher concentrations of this element decrease the amount of produced ozone. The effect of Ni at a fixed concentration of Sb (Sb : Sn atomic ratio of 2 : 100) on Φ EOP is shown in Figure 6 (b). It is clear that Φ EOP for the electrode without Ni is very small. However, the presence of a small amount of Ni (Ni : Sn atomic ratio of 0.2 : 100) has a profound effect on its ozone production capability and increases Φ EOP to more potential scan (both forward and backward) was recorded twice without interruption [19] . All empirical Tafel curves in the high overpotential region showed a deviation from linearity due to the ohmic drop effect. (4) shows the effect of ohmic drop (iR Ω ) on the polarization curve:
By taking log i = X and consequently i = 10 X , (4) can be transformed into (5)
Equation (5) can be used to fit the experimental data by the least square method. The resulting values of a, b, and R Ω would be acceptable providing that the correlation coefficient of fitting the data is ≥0.9999. This results in a single value for the Tafel slope (b) at low and high overpotential domains. A single value of b indicates that deviation from linearity is exclusively due to ohmic resistance and the electrode kinetics for the entire range remains unchanged. On the other hand, if the correlation coefficient for the entire data range of an electrode was <0.9999, the fitting would be considered unsatisfactory. In this case, the method is applied for the high overpotential region, where the influence of ohmic drop is more pronounced, and R Ω as well as a value of b 2 can be successfully determined. Moreover, by applying the quantity of R Ω in (4), the corresponding Tafel slope (b 1 ) can be determined from the low overpotential data. The presence of two linear segments in the Tafel plots after iR Ω correction demonstrates that deviation from linearity in the high current region, in addition to ohmic resistance, is due to the change in kinetics, for example, rate determining step (rds) and/or apparent electronic transfer coefficient (α) [1, 10, 20] . A typical Tafel curve before and after iR Ω correction is shown in Figure 7 . 
The Effect of Sb Concentration on the Electrode Kinetics.
The linear sweep voltammograms (LSVs) of the electrodes with different Sb contents are shown in Figure 8(a) , indicating that the activity of the electrode toward solvent oxidation increases with increasing the concentration of this element. On the other hand, according to Figure 6 (a), EOP decreases when Sb/Sn atomic ratio of the electrode exceeds 2%. Therefore, it can be concluded that OER is greatly enhanced over EOP on the electrodes with Sb/Sn >2 atom%. The empirical Tafel curves for the electrodes International Journal of Electrochemistry 7 with different Sb content were drawn from the voltammetric data of Figure 8 (a) and, after iR correction, the Tafel slopes (b) and electronic transfer coefficients (α) at low and high overpotential domains were calculated ( Table 1) . As can be seen in Table 1 , the resulting R Ω -values (0.64-1.24 Ohm), which are the sum of R solution and R film for the electrodes with different Sb content, are in agreement with the R Ω data obtained for other oxide electrodes in acidic electrolytes [19, [37] [38] [39] .
Accepting the following reasonable mechanism of simultaneous OER/EOP processes on the inert electrodes proposed by Da Silva et al. [10] , the empirical high Tafel slopes, b 1 and b 2 , suggest that primary water discharge (6) is the rds on the present electrodes.
According to the above mechanism, not all the O 2 formed leads to O 3 . Indeed, O 3 formation is a chemical step (not electrochemical) and severely depends on the partial surface concentration of O 2 and O • and of course an effective encounter between the oxygen intermediates, (9) .
Considering primary water discharge as the rds and applying the kinetic treatment proposed by Bockris [40] , the Tafel coefficient can be given by b = 2.302RT/αF, where α is the apparent (effective) transfer coefficient for the non ideal case [10, 20] . All other parameters have their usual meaning. This equation leads to a theoretical Tafel slope of 120 mV at 25
• C if it is assumed that α has its classical value of 0.5. It can be seen from Table 1 , that changing the concentration of Sb in the electrode only changes the second Tafel slope (b 2 ) while the first one almost remained unchanged (b 1 = 103.5± 1 mV). As suggested by Boodts and coworkers [10, 19] , a different analysis can be performed using the apparent electronic transfer coefficient calculated from the experimental b-values, α = 2.302RT/bF. It is possible to interpret the high b-values based on the assumption that changes take place in α. Indeed, according to classical electron transfer theory [41] , α is an intrinsic parameter of the charge-transfer reaction at a particular interface. Therefore, considering that changes in α-value reflect modifications in the energy barrier for the electron transfer, these values can be used to correlate the influence of the chemical nature of the electrode with the energy barrier of the electron transfer process. Table 1 presents the values of α, at low (OER), α 1 , and high (OER/EOP), α 2 , overpotentials, calculated for the electrodes with different Sb contents. In the low overpotential domain (Column 3, entries 1-6), the Sb content has no significant influence on α 1 . The α 1 -values around 0.57 were obtained for all the electrodes with varying Sb content. However, in the case of the high overpotential domain (Column 5, entries 1-6) a significant dependence of α 2 on the concentration of Sb is observed, that is, as the Sb content increases, the energy barrier for the electron transfer process decreases and the solvent oxidation facilitates. Highest α-value is presented by the electrodes containing Sb/Sn atomic ratio of more than 2%, which seems to affect the kinetics by decreasing the activation barrier for the OER process. However, according to Figure 6 (a), EOP decreases when Sb/Sn atomic ratio of the electrode exceeds 2%. Therefore, it can be concluded that OER is greatly enhanced over EOP on the electrodes with Sb/Sn >2 atom%. Figure 8 (b) presents the LSVs of the electrodes with different Ni contents. It is clear from this figure that only small amounts of Ni (Ni/Sn = 0.2 atom%) in the film increase the electrode activity toward solvent oxidation, which is in favor of EOP as shown in Figure 6 (b). Higher Ni concentrations strongly reduce the activity of the electrodes. It should be pointed out that, although Ni doping in Ti/SnO 2 -Sb electrode is necessary for EOP, its overdoping is pernicious to the electrode activity for solvent oxidation (for both EOP and OER). The empirical Tafel curves for the electrodes with different Ni content were drawn from the voltammetric data of Figure 8 (b) and, after iR correction (as described in Section 3.3), the Tafel slopes and electronic transfer coefficients (α) at low and high overpotential domains were calculated ( Table 1) . The values of the ohmic resistance are also presented in Table 1 . These values are the summation of R solution and R film . Since the distance of the working electrode and the capillary tip was the same in all experiments, the changes of the ohmic resistance of the electrodes with different Ni/Sn% can be attributed to the film resistance of these electrodes. In fact, introduction of Ni into the electrode structure increases their film resistance, which is more pronounced at higher Ni contents. These resistance variations are compatible to the results of Wang and coworkers obtained by 4-probe resistivity meter [32] and describes lower capacitance of the electrodes with higher Ni content (Section 3.1). Among the prepared electrodes, only the electrode with no Ni content presents a single Tafel slope in the low and high overpotential regions (b 1 = b 2 = 155.6, Table 1 , entry 7), demonstrating that the primary water discharge is the rds and the kinetics of this electrode remains unchanged over the entire range of overpotentials (α 1 = α 2 = 0.38). However, the presence of Ni strongly affects the kinetics of the electrode. The Tafel curves for the electrodes containing small amounts of Ni (0.2-0.4%), after iR correction, show two distinct linear segments. Although b 1 and b 2 values reveal the primary water discharge as the rds, variation of b-values can be attributed to the changes in α. As can be seen in Table 1 , the electrodes containing 0.2-0.4 atom% Ni have nearly the same values of α 1 (∼0.56) and α 2 (∼0.34), suggesting similarity of their kinetics at each of low and high overpotential regions, although the higher the Ni content the higher the resistance of the electrode. More addition of Ni into the electrode structure drastically increases the electrode resistance and diminishes both of the α 1 and α 2 values (Table 1, entries 11 and 12) .
The Effect of Ni Concentration on Electrode Kinetics.
The above results indicate that high concentration of Ni in the electrode affects the kinetics by increasing the activation barrier of the electron transfer [42] . Moreover, these observations indicate that OER and EOP kinetics strongly depend on the presence of Ni and its concentration. This is in accordance with the increase in electrode film resistances (Table 1 ) and the decrease in EOP current efficiency ( Figure 6 ) on these electrodes by increasing Ni concentration. Figure 9 shows representative SEM images of the chemically modified titanium mesh electrodes. The surface morphology presents a dependence on both Ni and Sb content. In the case of the electrode with no Ni content (Sn : Sb atomic ratio of 100 : 2), Figure 9 (a), one observes an inhomogeneous microstructure characterized by some flat and compact surface regions surrounded by cracked areas showing mud structure. This type of morphology is typical of oxide electrodes prepared by thermal decomposition [34, 43, 44] . The cracks were likely produced on the surface during the cooling of the electrode to room temperature.
Surface Morphology and XRD Analysis.
The introduction of small amounts of Ni (Ni/Sn atomic ratio of 0.2%) into the electrode structure significantly affects the coating morphology. As shown in Figure 9 with deeper cracks. This is typically shown in Figure 9 (c) for the surface of the electrode with Sn : Sb : Ni atomic ratio of 100 : 2 : 1. Increasing the Sb content while the concentration of Ni/Sn is fixed at 0.2 atom% results in homogeneous and fully compact structure as shown in Figure 9(d) . Figure 10 shows typical XRD patterns of SnO 2 on Ti foil containing different concentrations of Sb and Ni. In addition to the peaks corresponding to the Ti support, there are several peaks that agree well with the (1 1 0), (1 0 1), and (2 1 1) reflections of a rutile-type structure due to SnO 2 cassiterite. No characteristic peaks of other phases such as Sb or Ni oxides were detected, indicating that all Sb and Ni are in the ionic form that came into the crystal lattice of bulk SnO 2 to substitute for Sn ions. These observations are in agreement with the results of Kong et al. [43] and Montilla et al. [45] on Ti/SnO 2 -Sb electrodes prepared by thermal decomposition method. Because the SnO 2 (1 1 0) diffraction peak is completely isolated from the Ti substrate peaks, it can be used to calculate the average crystallite size of the particles from FWHM of the diffraction peak according to Scherrer's equation. The unit-cell parameters of the electrodes were calculated using the Bragg's formula and assuming tetragonal SnO 2 crystals. Table 2 presents the lattice parameters (a = b, and c), unit-cell volumes (V), and crystallite sizes obtained for different electrodes. It can be seen that insertion of Sb and Ni into the SnO 2 matrix resulted in significant changes in these parameters. Among different compositions investigated, the electrode with Sb/Sn and Ni/Sn atomic ratios of 2% and 0.2%, respectively, (Sn : Sb : Ni atomic ratio of 100 : 2 : 0.2) showed increase in the lattice parameters, unit-cell volume, and crystallite size ( Table 2 , entry 3) compared to standard SnO 2 . The SnO 2 crystallite size of this electrode is also the largest among the electrodes studied. The values of these parameters decrease for other electrode compositions (Table 2 , entries 2, 4, and 5). Wang et al. [32] , from XPS data analysis, showed that all the Sb and Ni doped in SnO 2 electrodes have the valences of +5 and +3, respectively. Therefore, with the exception of the electrode with Sn : Sb : Ni atomic ratio of 100 : 2 : 0.2, the lower lattice parameters and the unit-cell volume for the electrodes presented in Table 2 , can be explained due to the formation of solid solutions between SnO 2 , Sb, and Ni by substitution of Sn 4+ ions (ionic radius of 0.83Å) in the cassiterite structure by Sb 5+ and Ni 3+ ions which have lower ionic radii of 0.74 and 0.72Å, respectively. These observations are in agreement with those of Montilla et al. on Ti/SnO 2 -Sb electrodes [45] . However, the reason for increase of lattice parameters, unit-cell volume, and crystallite size of the electrode with Sn : Sb : Ni atomic ratio of 100 : 2 : 0.2 is not clear to us, but it may describe the unique electrochemical behavior of this electrode and its high ozone production efficiency (see Section 3.2).
Investigation of Electrode Stability.
Many efforts have been done to improve the service life of Sb-doped SnO 2 electrodes under the anodic polarization conditions in acidic media [33, 44, 46] . Table 1 entries 7-12). It is interesting to note that the service life and current efficiency of the electrode for EOP (see Figure 6 ) both follow the same trend, that is, introduction of a small amount of Ni (Ni/Sn of 0.2 atom%) into the electrode structure increases both its stability and EOP efficiency.
Figures 12(a) and 12(b) show the SEM microstructures of the Ti/SnO 2 -Sb electrode with Sb/Sn of 2 atom% after the service life test. It can be seen that the surface texture of the electrode has been destroyed and there are many fractures and holes on the film surface as compared to the corresponding freshly prepared electrode shown in Figure 9 (a). The edges of these fractures are oriented outside of the electrode surface, which can be related to erosion provoked by the intense gas bubble formation from inside of the layer produced during the anodic polarization of the electrode. This results finally in detachment of the catalyst layer from the electrode surface. Figure 12 of 100 : 2 : 0.2) electrode after service life test. Comparing this image with the corresponding freshly prepared electrode, Figure 9 (b), indicates that a large number of cracks have been formed on the surface during the anodic polarization, presumably due to erosion. Nevertheless, comparing the deactivated Ti/SnO 2 -Sb (Sb : Sn atomic ratio of 100 : 2) and Ti/SnO 2 -Sb-Ni (Sn : Sb : Ni atomic ratio of 100 : 2 : 0.2) electrodes (Figures 12(b) and 12(c) , resp.) indicates much more stability of the latter electrode. In fact, introducing a small amount of Ni into the electrode increases its surface compactness and improves its resistance against destruction during the intense anodic polarization.
Conclusions
Ti/SnO 2 -Sb-Ni electrodes with various Ni and Sb dopant levels were prepared by dip-coating thermal pyrolysis technique. The prepared electrodes have a rutile-type structure due to SnO 2 cassiterite without any other phases such as Sb or Ni oxides. In fact, all Sb and Ni contents are present in ionic form substituted for Sn ions in the crystal lattice of bulk SnO 2 . The surface morphology of the electrodes strongly depends on both Ni and Sb contents.
The surface compactness of the Ti/SnO 2 -Sb-Ni electrodes as well as their capacitance, roughness factor, and service life depend on Sb doping level and increase with increasing the concentration of this element up to an Sb/Sn atomic ratio of 12%. Empirical Tafel slopes obtained for both low and high overpotential regions indicate the primary water discharge as the rds. The values of Tafel slopes were attributed to the apparent electronic transfer coefficient (α). Increasing the Sb content has no significant effect on α 1 but significantly enhances the α 2 values. In fact in the high overpotential domain, increasing the Sb content diminishes the energy barrier of the electron transfer process and facilitates the electron transfer for solvent oxidation. However, EOP decreases when Sb/Sn ratio of the electrode exceeds 2 atom%. In fact, OER is greatly enhanced over EOP on the electrodes with Sb/Sn >2 atom%.
The structure and properties of the Ti/SnO 2 -Sb-Ni electrodes strongly depend on the Ni concentration. The current efficiency for ozone production on Ti/SnO 2 -Sb electrodes is very low and OER is predominant. Addition of a small amount of Ni into the electrode structure has a profound effect on its EOP capability. The capacitance and roughness factor of the electrodes decrease whereas their film resistance increase with increasing Ni concentration. All the empirical Tafel slopes (b 1 and b 2 ) of the electrodes containing different Ni concentrations point to the primary water discharge as the rds. Here again the Tafel slopes were related to the apparent electronic transfer coefficient (α). While Ti/SnO 2 -Sb electrode has a single Tafel slope at low and high overpotential regions, the presence of a small amount of Ni changed the electrode kinetics at both overpotential regions and two different α values were obtained. It should be pointed out that only a small amount of Ni increases the service life as well as the activity of the electrode in favor of EOP. Increasing of Ni/Sn atomic ratio beyond 0.2% results in very low capacitance and roughness factor. Moreover, high doping level of Ni increases the film resistance, decreases the service life of the electrodes, and lowers their EOP efficiency.
Highest current efficiency (48.3%) for EOP was achieved on the electrode containing Sb/Sn and Ni/Sn atomic ratios of 2% and 0.2%, respectively, at a current density of 12 mA cm −2 in 0.1 M H 2 SO 4 solution. Although Ti/SnO 2 -Sb-Ni electrode is efficient for EOP, still more investigations are needed to improve its durability and EOP efficiency, and to better understand the mechanism of simultaneous EOP and OER.
